To examine the distribution of rice bran tocotrienol (T3), we gave rice bran T3 to rats after considering an acceptable daily intake of vitamin E for humans. Male SD rats (5 weeks of age) were fed for 3 weeks on a commercial diet containing 6.4 mg of vitamin E per 100 g wt and additively received vitamin E or the vehicle (vitamin E-free corn oil) by oral intubation. The animals were randomly divided into 4 groups depending on the type of test diet: control (vehicle), non-T3 (no T3 + 4.3 mg of tocopherol (TOC)/kg body weight (b.w.)/day), low-T3 (0.8 mg T3 + 3.5 mg TOC/kg b.w./day), and high-T3 (3.2 mg T3 + 1.1 mg TOC/kg b.w./day). The control rats and rats in the non-T3, low-T3, and high-T3 groups took 4.3 and 8.6 mg of vitamin E/kg b.w./day, respectively. Rice bran -T3 was significantly distributed to the adipose tissue and increased from 1.1 to 10.2 nmol/g of adipose tissue according to the rice bran T3 intake.
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Key words: distribution; rice bran; tocopherol; tocotrienol Tocopherol (TOC) is abundantly present in common vegetable oils and nuts, whereas tocotrienol (T3), a minor plant constituent, is particularly abundant in rice bran, palm, and wheat germ (Fig. 1) . 1) Recent investigations have shown that T3 has more potent antioxidative, 2, 3) anti-hypercholesterolemic, 4) anticancer, 5) neuroprotective, 6, 7) and antiangiogenic 8, 9) activities than -TOC. These findings suggest that T3 may serve as a food component with health benefits.
Previous studies on rats, mice, and hamsters have shown that T3 was specifically accumulated in skin and adipose tissue, whereas -TOC was widely distributed to various tissues and plasma. [10] [11] [12] These studies used palm T3, which has an abundance of -and -T3; however, the distribution of rice bran T3 (rich in -T3) has not been examined. Rice bran T3 has been shown to have anti-hypercholesterolemic, 13) anticancer, 14) and antioxidative 15, 16) activities. In this study, we orally administered tocotrienol-rich fraction prepared from rice bran (RBT3) to rats, and examined the distribution of T3 in the rat tissues. It has not been reported that the distribution of T3 was examined by considering the tolerable upper intake level of vitamin E. Accordingly, we set the T3 and TOC daily intake such that it did not exceed an amount in rats equivalent to the acceptable daily intake for humans (600-800 mg/day). 17) Additionally, we measured phospholipid hydroperoxides (PLTocopherol (TOC) y To whom correspondence should be addressed. Fax: +81-22-717-8905; E-mail: miyazawa@biochem.tohoku.ac.jp Abbreviations: b.w., body weight; CL-HPLC, chemiluminescence detection-high-performance liquid chromatography; FL-HPLC, fluorescence detection-high-performance liquid chromatography; PC-OOH, phosphatidylcholine hydroperoxide; PE-OOH, phosphatidylethanolamine hydroperoxide; PL-OOH, phospholipid hydroperoxide; PMC, 2,2,5,7,8-pentamethyl-6-chroman; T3, tocotrienol; RBT3, tocotrienol-rich fraction prepared from rice bran; RBCs, red blood cells; TBARS, thiobarbituric acid-reactive substances; TOC, tocopherol; -TTP, -tocopherol transfer protein; VLDL, very-low-density lipoprotein OOH) and thiobarbituric acid-reactive substances (TBARS) as indices of lipid peroxidation to examine the antioxidant effect of oral RBT3.
Materials and Methods
Materials. The RBT3 was kindly presented by Oryza Oil & Fat Chemical Co., Ltd. (Aichi, Japan). -TOC and stripped corn oil were purchased from Acros Organics (Fairlawn, NJ, USA), and -and -TOC were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). All other reagents and chemicals were commercially available extra-pure-grade products.
Determination of vitamin E in RBT3 and the commercial diet. Vitamin E in RBT3 and the commercial diet (LABO MR Stock, Nihon-Nosan, Yokohama, Japan) was quantitatively measured by fluorescence detection-high-performance liquid chromatography (FL-HPLC), 12, 18) using an HPLC system (Jasco Corporation, Hachioji, Japan) combined with an RF-10AXL fluorescence detector (excitation at 298 nm, emission at 325 nm; Shimadzu Corporation, Kyoto, Japan) with a Zorbax RX-SIL column (4:6 Â 250 mm, 5 mm; Agilent Technologies, Inc., Palo Alto, USA). The mobile phase was a mixture of n-hexane/1,4-dioxane/2-propanol (96: 3:1, v/v/v) and the flow rate was 1.0 ml/min. RBT3 or the commercial diet was mixed with pyrogallol and 1 nmol of 2,2,5,7,8-pentamethyl-6-chroman (PMC) as an internal standard, and the mixture was incubated with a potassium hydroxide solution at 70 C for 30 min to allow saponification. After cooling with tap water, vitamin E was extracted with n-hexane/ethyl acetate (9:1, v/v). The extract was dried under nitrogen gas and applied to the FL-HPLC system after being dissolved in n-hexane. RBT3 contained 6.2% -TOC, 0.8% -TOC, 14.1% -TOC, 2.1% -TOC, 0.5% -T3, 0.6% -T3, 61.6% -T3, 2.7% -T3, and 11.4% triacylglycerol and phytosterol. The vitamin E composition of the commercial diet is shown in Table 1 .
Animal experiments. This study was conducted in conformity with the policies and procedures detailed in the Animal Experiment Guidelines of Tohoku University. Male Sprague-Dawley rats (4 weeks of age) were obtained from Japan SLC, Inc. (Hamamatsu, Japan). They were housed in stainless-steel wire-mesh cages in a temperature-controlled room at 23 AE 1 C with a 12-h light cycle (lights on from 0800 to 2000), and were given free access to a commercial diet (containing 6.4 mg of vitamin E/100 g) and water. After acclimatizing for 1 week, the rats were randomly divided into 4 groups (8 animals per group) and additively received vitamin E (4.3 mg/kg body weight (b.w.)/day) or the vehicle (corn oil from which vitamin E had been removed) by oral intubation. There were 4 groups depending on the type of test diet: the control group (vehicle); the non-T3 group (3.5 mg of -TOC + 0.7 mg of -TOC + 0.1 mg of -TOC/kg b.w./day); the low-T3 group (2.6 mg of -TOC + 0.5 mg of -TOC + 0.1 mg of -TOC + 1.3 mg of RBT3/kg b.w./day), and the high-T3 group (5.0 mg of RBT3/kg b.w./day). Each test diet was prepared by 
mg/100 g diet The daily intake of vitamin E from a commercial diet for rats was calculated according to an average food consumption per day of 16 g and an average b.w. of 250 g. The daily intake of vitamin E by humans was calculated according to a b.w. of 60 kg. RBT3 contained 6.2% -TOC, 0.8% -TOC, 14.1% -TOC, 2.1% -TOC, 0.5% -T3, 0.6% -T3, 61.6% -T3, and 2.7% -T3. Control, rats given the vehicle only (stripped corn oil); non-T3, rats given 3.5 mg -TOC + 0.7 mg -TOC + 0.1 mg -TOC/kg b.w./day; low-T3, rats given 2.6 mg -TOC + 0.5 mg -TOC + 0.1 mg -TOC + 1.3 mg RBT3/kg b.w./day; high-T3, rats given 5.0 mg RBT3/kg b.w./ day. mixing 1 g of stripped corn oil and 4.3 mg of vitamin E.
The vitamin E composition in the test diets is shown in Table 1 . It has not been reported to date that the distribution of T3 has been examined after considering the tolerable upper intake level of vitamin E. The vitamin E daily intake by each rat was limited such that it did not exceed the equivalent acceptable daily intake for humans (600-800 mg/day).
17) The daily intake of vitamin E from the commercial diet for rats was calculated according to an average food consumption per day of 16 g and an average body weight of 250 g, as described previously. 19) The daily intake of vitamin E by humans was calculated according to a body weight of 60 kg, as described previously. 20) The vitamin E composition in the commercial diet and the dietary uptake and equivalent dose for humans are listed in Table 1 . The study was carefully designed so that the daily intake of vitamin E by the rats did not exceed the equivalent acceptable daily intake by humans (equivalent dose for rats, 10 mg of -TOC/day). Accordingly, the control rats and rats in the non-T3, low-T3, and high-T3 groups took 4.3 and 8.6 mg of vitamin E/kg b.w./day, respectively.
The rats were sacrificed after 3 weeks by withdrawing blood from the abdominal aorta under light diethyl ether anesthesia. Blood was collected into tubes containing the disodium salt of EDTA (final concentration of 1 mg/ ml). Immediately after blood collection, the brain, heart, lung, liver, kidney, spleen, abdominal aorta, epididymal adipose tissue, muscle, and dorsal skin were removed and stored at À80 C until needed for analysis. The collected blood was separated into red blood cells (RBCs) and plasma by low-speed centrifugation (1;630 Â g) for 15 min at 4 C. The plasma was kept at À80 C until needed for analysis to avoid oxidation. RBCs were washed three times with phosphate-buffered saline and used for the determination of vitamin E.
Determination of vitamin E in the rat tissues, plasma, and RBCs. To confirm whether rice bran T3 was absorbed by the rats, the vitamin E levels in the brain, heart, lung, liver, kidney, spleen, aorta, adipose tissue, muscle, skin, RBCs, and plasma were measured quantitatively by FL-HPLC, 12, 18) as already described. Plasma was mixed with 1 nmol of PMC, and vitamin E was extracted with n-hexane. In the tissues and RBCs, vitamin E was extracted in the same way as that already described for the commercial diet and RBT3. Each extract was dried under nitrogen gas, dissolved in nhexane, and injected into the FL-HPLC system.
Determination of phospholipid hydroperoxides. The levels of phospholipid hydroperoxide (PL-OOH), phosphatidylcholine hydroperoxide (PC-OOH) and phosphatidylethanolamine hydroperoxide (PE-OOH) in the brain, heart, lung, liver, and kidney tissues and in the plasma were determined as indices of lipid peroxidation by using chemiluminescence detection-high-performance liquid chromatography (CL-HPLC) according to Miyazawa's method. 20, 21) Determination of thiobarbituric acid-reactive substances. Thiobarbituric acid-reactive substances (TBARS) levels in the brain, heart, lung, liver, and kidney tissues and in the plasma were measured as indices of lipid peroxidation by the method of Ohkawa et al. 20, 22) The plasma TBARS level was measured according to the method of Yagi.
23) TBARS values were quantified by comparing with data for known concentrations of 1,1,3,3-tetraethoxypropane.
Statistical analysis. Each data value is presented as the mean AE SEM for 8 rats in each group. A statistical analysis was performed by using a one-way analysis of variance (ANOVA) followed by Scheffé's F-test. P < 0:05 is considered to indicate a significant difference.
Results

Body weight
Rats weighing 128 g on average were treated with no T3 + 4.3 mg of TOC/kg b.w./day (non-T3 group), 0.8 mg of T3 + 3.5 mg of TOC/kg b.w./day (low-T3 group), or 3.2 mg of T3 + 1.1 mg of TOC/kg b.w./ day (high-T3 group) for 3 weeks. During the experimental period, the oral administration of rice bran T3 did not significantly affect the growth or final body weight (control, 233 AE 5 g; non-T3 group, 251 AE 8 g; low-T3 group, 249 AE 6 g; high-T3 group, 253 AE 6 g).
-TOC and -T3 concentrations in the tissues, plasma, and RBCs
To confirm that rice bran T3 had been absorbed by the rats, the vitamin E levels in various tissues, plasma, and RBCs were measured by FL-HPLC. The levels of -TOC and -T3 were determined, because these were the main components of the administered vitamin E. -TOC was detected in all the examined tissues, plasma, and RBCs (Table 2) . Furthermore, the -TOC concentrations in the non-T3 and low-T3 groups were higher than those in the control and high-T3 groups, in proportion to the administered amount of -TOC. -TOC in the lung increased from 33.8 to 63.7 nmol/g lung according to the level of -TOC intake. -TOC was easily absorbed by RBCs, plasma, lung, and liver compared with other tissues: the -TOC concentrations in RBCs, plasma, lung, and liver in the non-T3 group were 2.2, 1.9, 1.9, and 1.9 times higher, respectively, than those in the control group.
In contrast to -TOC, -T3 was barely detectable in the brain tissue and RBCs. However, the -T3 levels in the adipose tissue, heart, kidney, lung, muscle, skin, and plasma of the high-T3 group were significantly higher than those in the control group. The increase in -T3 concentrations in most tissues followed the increase in T3 intake, but no such dose-dependence was found in the brain tissue and RBCs. In the adipose tissue, -T3 increased from 1.1 to 10.2 nmol/g of adipose tissue according to increasing RBT3 intake. -T3 was easily absorbed by the kidney, lung, muscle, and heart compared with other tissues: the -T3 concentrations in the kidney, lung, muscle, and heart of the high-T3 group were 93, 49, 44, and 26 times higher, respectively, than those in the control group.
The foregoing data show that the distribution of -T3 differed greatly from that of -TOC. The difference in incorporation of -T3 was greater than that of -TOC in each tissue; these data were organized in bar-chart format to investigate this phenomenon in detail (Fig. 2) . The incorporation of -TOC was examined relative to the value in the non-T3 group, which showed the highest -TOC concentration ( Fig. 2A) , and the incorporation of -T3 was examined relative to the value in the high-T3 group, which showed the highest -T3 concentration (Fig. 2B) . Since stripped corn oil without vitamin E was administered to the rats of the control group, the vitamin E concentrations in the control group were used as baseline data; that is, the concentrations of -TOC and -T3 in the control group were subtracted from those of the non-T3 and high-T3 groups, respectively. The resulting data show that -TOC was abundantly present in the lung, spleen, and liver ( Fig. 2A) , whereas little -TOC was found in the skin, aorta, muscle, and brain. Little -T3 was found in the non-T3 group. -T3 was predominant in adipose tissue and was found at a comparatively high level in the skin, lung, heart, kidney, and muscle (Fig. 2B) . In contrast, little -T3 was found in the liver, spleen, and aorta, and none was found in the brain. The -T3 level was lower than the -TOC level in the lung, spleen, liver, and kidney.
PL-OOH and TBARS levels in the tissues and plasma PL-OOH and TBARS were measured in the brain, heart, lung, liver, kidney, and plasma as indices of lipid peroxidation. There was no significant difference in the PL-OOH (Table 3 ) and TBARS levels (Table 4) among the four groups.
Discussion
The distribution of T3 has not been reported to date in respect of the tolerable upper intake level of vitamin E. All the rats obtained vitamin E from a commercial diet at 245 mg per day equivalent for an adult person ( Table 1 ). The Council for Responsible Nutrition has reported a no-adverse-effect level for vitamin E of 800 mg (1200 IU) -TOC. 17) Moreover, the Japan National Institute of Health and Nutrition has established a system of dietary reference intake (http://www.mhlw.go.jp/ shingi/2005/03/dl/s0307-4f.pdf), in which the tolerable upper intake level (UL) of vitamin E is approximately 600-800 mg -TOC. We carefully set the daily T3 and TOC intake such that it did not exceed an amount in rats equivalent to the acceptable daily intake for humans (600-800 mg/day). 17) Therefore, TOC and T3 at 258 mg per day equivalents for an adult person or vehicle (stripped corn oil) was orally administered to the rats daily.
The studies of rice bran T3 constitute a minority in vitamin E research. The absorption and distribution of rice bran T3 has never been studied so far, because many of the T3 distribution studies have focused on the distribution of palm T3. Hayes et al. have examined the distribution of T3 and TOC in hamsters fed on a purified diet containing palm T3 of 223 ppm (223 mg/g of diet) and TOC of 70 ppm (70 mg/g of diet) for 11 to 15 weeks. 10) They have shown that palm T3 mainly accumulated in the adipose tissue, and was found at a comparatively high level in the heart and muscle, with little in the brain, kidney, liver, and spleen. Ikeda et al. have recently reported that -T3 and -T3 were distributed in the adipose tissues and skin of rats fed a diet containing palm T3. 12) They also showed that palm T3 was not detectable in the brain, liver, kidney, and plasma. In this study, rice bran -T3 was predominant in the adipose tissue and was found at a comparatively high level in the skin and heart (Fig. 2B) . Little rice bran -T3 was found in the liver and spleen, and was undetectable in the brain. The figures for of our rice bran T3 distribution resemble the distribution of palm T3.
The absorption and distribution of -TOC and -T3, the main components in the administered vitamin E or rice bran T3, were examined in this study by measuring their concentrations in rat tissues, plasma, and RBCs. The difference in the incorporation of -T3 was greater than that of -TOC in each tissue ( Table 2, Fig. 2) ; furthermore, -T3 was specifically incorporated into the adipose tissue (Fig. 2B ), but such tissue specificity was The incorporation of -TOC was examined according to the value in the non-T3 group, which showed the highest -TOC concentration (A). The incorporation of -T3 was examined according to the value in the high-T3 group, which showed the highest -T3 concentration (B). Since stripped corn oil (without vitamin E) was administered to the rats of the control group, the vitamin E level of the control group was used as a baseline value, and the concentrations of -TOC and -T3 in the control group were subtracted from those for the non-T3 and high-T3 groups.
not found for -TOC (Fig. 2A) . The -tocopheroltransfer protein (-TTP) has a strong affinity for -TOC, and a relatively weak affinity for the other vitamin E homologs.
24) The affinity for -TTP controls the secretion of vitamin E into lipoprotein, and vitamin E is delivered to tissues by these lipoproteins. Due to the high affinity of -TOC for -TTP, -TOC is preferentially transferred from the liver to VLDL in the circulation via -TTP. Therefore, -TOC is not metabolized by cytochrome P450s in the liver to the same extent as other vitamin E homologs. 25) We measured the concentration of all vitamin E homologs in all the examined rat tissues, but only the distributions of -TOC and -T3 are shown in this paper. This is because -TOC and -T3 were the major vitamin E components of test diet, so we are focusing only on both -TOC and -T3 as the representatives of the TOC and T3 groups. Nevertheless, the concentrations of -TOC and -TOC showed characteristic differences among each group. The concentrations of -TOC and -TOC varied among the groups and were quantitatively ordered as non-T3 = low-T3 < control = high-T3, and control < non-T3 = low-T3 < high-T3, respectively. These results imply that the concentrations of -TOC and -TOC may have been affected by the -TOC intake. Behrens et al. have reported that dietary -TOC lowered the -TOC concentration in rats fed -TOC with -TOC.
26) According to this report, it might be possible that both -TOC and non--TOC (i.e., -TOC, -TOC, -TOC, and T3s) were competitively combined with -TTP. Consequently, the distribution of non--TOC would have been affected easily by the intake of -TOC.
In addition, Ikeda et al. 27) have suggested that vitamin E is transferred from chylomicrons to some tissues by lipoprotein lipase before its discrimination by hepatic -TTP. Lipoprotein lipase is synthesized in several extrahepatic tissues, but the highest activities are found in tissues responsible for fatty-acid oxidation (e.g. the heart) or storage (e.g. the adipose tissue). Therefore, in this study, most of the -T3 found in adipose tissue may have been transferred directly from chylomicrons by lipoprotein lipase, rather than passing through the liver. Furthermore, because the vitamin E concentrations in rat tissue are elevated by sesamin, a dietary cytochrome P450 inhibitor, so the vitamin E distribution may be affected by the cytochrome P450 level.
12) Cytochrome P450s are expressed in several extrahepatic tissues, and the cytochrome P450 expression levels vary among various tissues. 28, 29) Therefore, we suggest that the distribution of T3 was mainly due to its affinity for -TTP and based on the cytochrome P450 expression level in each organ.
Previous studies investigating the antioxidative effect of rice bran T3 have been found in rats under conditions such as diabetes mellitus 15) and hyperlipidemia. 16) We measured the PL-OOH and TBARS concentrations as indices of lipid peroxidation in rats fed with a rice bran T3 concentrate under physiological conditions, but not pathological conditions. In this study, there were no significant differences in the PL-OOH or TBARS Each value is the mean AE SEM, n ¼ 8.
concentrations among the groups of rats. Under oxidative conditions, oral RBT3 may play complementary roles in oxidative damage protection in rats.
In conclusion, taking account of the tolerable upper intake level of vitamin E for humans, we orally administered RBT3 to rats. Like the distribution of palm T3, rice bran T3 was significantly distributed in the adipose tissue. The amount of tissue rice bran T3 increased with increasing RBT3 intake.
